Determinations of the phase formation sequence, crystal structures and the thermo-physical properties of materials at high temperatures are hampered by contamination from the sample container and environment. Containerless processing techniques, such as electrostatic ͑ESL͒, electromagnetic, aerodynamic, and acoustic levitation, are most suitable for these studies. An adaptation of ESL for in situ structural studies of a wide range of materials using high energy ͑30-130 keV͒ x rays at a synchrotron source is described here. This beamline ESL ͑BESL͒ allows the in situ determination of the atomic structures of equilibrium solid and liquid phases, undercooled liquids and time-resolved studies of solid-solid and liquid-solid phase transformations. The use of area detectors enables the rapid acquisition of complete diffraction patterns over a wide range ͑0.5-14 Å −1 ͒ of reciprocal space. The wide temperature range ͑300-2500 K͒, containerless processing environment under high vacuum ͑10 −7 -10 −8 Torr͒, and fast data acquisition capability, make BESL particularly well suited for phase stability studies of high temperature solids and liquids. An additional, but important, feature of BESL is the capability for simultaneous measurements of a host of thermo-physical properties including the specific heat, enthalpy of transformation, solidus and liquidus temperatures, density, viscosity, and surface tension, all on the same sample during the structural measurements.
I. INTRODUCTION
The reactivity of many alloys and compounds with container materials and the ambient atmosphere pose major experimental challenges for studies of high temperature materials, as evidenced by the absence of even basic phase diagram information for some binary high temperature alloys ͑e.g., Pt-Re, Rh-Zr, etc.͒ in standard materials handbooks. 1 Thermodynamically stable phases at higher temperatures are often destabilized by impurities incorporated through reactions with the container walls and the gas environment, rendering phase diagram studies difficult. Studies of short-lived intermediate ͑metastable͒ phases in alloy systems, or deeply undercooled liquids, are even more problematic since containers provide undesirable heterogeneous nucleation sites. Recent advances in containerless processing such as electrostatic 2 ͑ESL͒, electromagnetic 3 ͑EML͒, aerodynamic, 4 and ultrasonic 5 levitation have provided a major breakthrough for these studies. Although the development of containerless techniques was driven primarily by a desire to study liquids in a metastable ͑undercooled͒ state, below their equilibrium melting temperatures, they are finding increasing use for measurements of thermo-physical properties. With varying degrees of success, containerless methods, particularly EML and ESL, have been used for measurements of the specific heat, 6,7 the viscosity and surface tension [8] [9] [10] of stable and undercooled liquids. Here we describe the development of a beamline electrostatic levitation technique ͑acronym, BESL͒ for in situ structural studies of stable and metastable solid and liquid phases over a wide temperature ͑300 K ഛ T ഛ 2500 K͒ range under high vacuum ͑10 −7 -10 −8 Torr͒ using high energy x rays available from synchrotron sources.
Both aerodynamic and EML techniques present significant shortcomings in comparison with ESL. In general, aerodynamic levitation cannot provide the positional stability required for precise viscosity, density and surface tension measurements. Further, the requirement of a constant inert gas flow can lead to strong thermal gradients across the sample and contamination for the highly reactive materials.
a͒ Author to whom correspondence should be addressed; electronic mail: anup@wuphys.wustl.edu For EML, only materials that couple effectively to the high frequency electromagnetic field ͑e.g., metals and some semiconductors͒ can be levitated. Further, the rf field required for levitation induces sample heating. Indeed, studies of highdensity, low melting point materials are particularly troublesome ͑on the earth͒ with EML since the rf power required for levitation induces heating, sometimes in excess of the sample's melting temperature. In these instances, a flow of inert gas is required to cool the sample, again leading to large thermal gradients and potential sample contamination. Finally, the rf coil itself limits the view of the sample and, hence, complicates optical measurements. In contrast, virtually all types of materials ͑metal, semiconductor, glass, ceramic and polymer͒ can be levitated by ESL. Since positioning and heating are fully decoupled in ESL, it is possible to study deeply undercooled, low-melting point materials with high density. The high vacuum environment within the BESL chamber helps to limit thermal gradients, although investigations of high vapor pressure elements can be problematic. In these instances, gas pressures in excess of 1 atm. can be introduced into the chamber. Finally, the geometry of the electrodes used to position the sample allows for an unobstructed view of the levitated sample.
Even though the benefits of containerless processing have been realized for some time, there are only a few examples of the use of containerless techniques for structural studies. Aerodynamic levitation has been used by two groups to study the short-range order ͑SRO͒ in elemental 11 and oxide liquids using synchrotron x-ray 12 and neutron 13 scattering techniques. More recently, electromagnetic levitation has been used to study the structures of undercooled metallic liquids using x-ray 14 and neutron 15 diffraction and the feasibility of using ESL for neutron scattering measurements has been demonstrated. 16 The use of high energy x-rays from a synchrotron source offers tremendous benefits for structural studies on ESLlevitated samples. First and foremost, high energy x-rays are required for full penetration of the levitated samples, which are typically 2 -3 mm in diameter. This ensures that the bulk, rather than near-surface, structures are sampled in the measurement. A second important benefit of high energy x-rays lies in the fact that the scattering angle for diffraction varies inversely with the beam energy. The scattering angle for a given diffraction peak measured using 125 keV x rays is roughly 15 times smaller than the scattering angle for that same peak using Cu K␣ radiation on a typical laboratory tube source. Diffraction patterns can be collected over a relatively wide momentum transfer range for a small range of angles; typically 0.5 Å −1 ഛ q ഛ 14 Å −1 , where q =4 sin / and is defined as half of the scattering angle for x rays of wavelength . The relatively small range of scattering angles required for most measurements allows the use of area detectors for fast data acquisition while the sample is either held at a constant temperature or during continuous heating/ cooling cycles. The latter method is particularly suitable for continuous studies of phase transformations as the sample is heated from room temperature to the liquidus temperature and above, or cooled from high temperatures. This structural information, along with determination of the solidus and liquidus temperatures ͑by ESL and other techniques͒, makes BESL a unique tool for a fast, reliable, determination of the phase stability of many high temperature materials that can be levitated by the ESL technique. Additional knowledge that can be obtained from the SRO in liquids and its evolution in the deeply undercooled state can provide insights into the nucleation and growth processes of stable crystalline and metastable phases, as well as glass formation.
II. APPARATUS

A. Electrostatic levitator "ESL…
As mentioned above, electrostatic levitation has been used extensively to measure thermo-physical properties of undercooled liquids 7, 9, 10 and to study crystal nucleation from the liquid. 17 The ESL facility at NASA's Marshall Space Flight Center ͑MSFC͒ is based on the design by Rulison, Watkins, and Zambrano. 18, 19 Since ESL is now a wellestablished technique, 2 only the essential features of the chamber itself are discussed below.
In the ESL chamber at NASA MSFC, charged samples are levitated in an electrostatic field ͑0-2 MV/m͒ under high vacuum ͑Ϸ10 −7 Torr͒. Three pairs of orthogonal electrodes are used to position the specimens during processing, and comprise the heart of the ESL system. Two orthogonal position-sensitive detectors provide input for the proportional-integral-derivative control loop. Using a fast, active feedback control system, the sample position is maintained by adjusting the control signals that are input to dc amplifiers connected to the electrodes. 18 The absolute position of the levitated sample at the center of the chamber at the NASA MSFC ESL facility is stable to within 50 m. During processing, a UV source ͑a deuterium arc lamp͒ maintains the charge on the levitated sample via the photoelectric effect, without any significant heating of the sample. Once levitated, a laser is used to heat the sample while optical pyrometers monitor the sample temperature. Currently, the most successful results are obtained for nearly spherical samples, 2.0-3.0 mm in diameter ͑approximately 30-70 mg mass͒. These samples are fabricated by arc melting, laser melting, machining and hydraulic pressing. Specimens are levitated and heated to any temperature up to about 3000 K in the MSFC ESL facility. It is well known that temperature measurements by pyrometers require a knowledge of the total hemispherical emissivity ͑ t ͒ of the material and its temperature dependence t ͑T͒. In most cases, in the absence of experimental data for t ͑T͒, it is assumed to be a constant ͑a good approximation for most metals 20 ͒. However, for precise measurements of all transformation temperatures by ESL and BESL techniques, t ͑T͒ should be measured separately.
As noted before, high vapor pressure materials present some limitations for vacuum-based ESL processing. In particular, the electrodes and optical components become coated during the processing of high vapor pressure materials in the vacuum chamber and vapor deposition rates may limit the duration of processing for some materials. This coating can also impair optical access for the UV charging, pyrometry and sample position detection system and degrade electrode performance. More recently, ESL systems have been developed for operations under pressure to reduce the rate of vapor deposition.
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B. Beamline electrostatic levitator "BESL…
An MSFC ESL system was modified for structural studies in the 6ID-D station on the Ames Laboratory MUCAT undulator beamline in Sector 6 at the Advanced Photon Source at Argonne National Laboratory. Incident x-ray beam energies in the range from 30 to 130 keV are available in this station; we used 125 keV for most of our measurements. As illustrated in the schematic diagram of Fig. 1 , BESL consists of an 11-in.-diam by 8-in.-high stainless steel chamber with 14 conflat windows of various diameters for optical sample position monitoring, laser heating, pyrometric temperature measurement and x-ray diffraction measurements. X rays enter the chamber through a 2.5-in.-diam and 0.015 -in.-thick Be ͑99% pure, PF-60, BrushWellman Engineered Materials, Fremont, CA͒ window, mounted on a 4.5-in.-diam conflat flange. The beam dimensions were approximately 1 mmϫ 1 mm, which was smaller, but comparable to the 2.0-2.7 mm diameter of the samples. The increase in positive charge on the sample due to the ionizing high energy x-ray beam, however, produces no discernable effect on the stability of the levitating sample, because the voltage on the electrodes is automatically adjusted by the fast feedback control loop to maintain the sample position. In the original chamber design 22 the exit window, located diametrically opposed to the entrance window, was only 2.5 in. in diameter, restricting the scattering wave vector to q ഛ 9.0 Å −1 . During a second experiment using this system, the size of the window was increased 23 to a full 4 in. ͑using a 6-in.-diam conflat flange͒, extending the q range to 14 Å −1 . With future design changes to the BESL to minimize interference with the positioning electrodes, the size of the exit window can be further increased. The lower lid of the sample chamber contains the electrical feedthroughs for the electrodes, a 12 sample carousel, and the electrode mounting assemblies. By rotating the carousel from outside the chamber, a specific sample sitting on a 1 / 8-in.-diam Zr stem can be inserted near the center of the electrodes for levitation. The Zr stem also serves as a pedestal for laser preheating before levitation to remove surface contaminants from the sample. This is necessary, because the evaporation of surface contaminants during the initial melt cycle often causes a sudden loss of charge, levitation instability, and occasional drop of the sample. Preheating temperatures vary between 50% and 75% of the sample melting temperature. The clean, oil-free high vacuum ͑10 −7 -10 −8 Torr͒ environment of the sample chamber is maintained by a turbo-molecular pump.
The upper lid of the chamber contains the chamber backfill and vacuum measurement ports ͑ion gauge͒. This lid can be lifted to gain full access to the chamber for cleaning and sample loading ͑removal͒ at the beginning ͑end͒ of the experiments. The chamber is mounted on the axis of a custom Huber Psi-geometry diffractometer, instead of the Eulerian cradle. The entire instrument is mounted on a heavy positioning table with motorized translations to place the sample at the center of the incident beam. Figure 2 shows a schematic of the experimental arrangement used for the x-ray measurements employing an area detector for fast data acquisition. The principal motivation for several of the initial experiments on Ti-Zr-Ni alloys was the determination of short-range order as a function of temperature in undercooled metallic liquids and the identification of the crystallization sequence. 22, 23 Due to the limited lifetime of the metastable ordered phases that formed during solidification, rapid detection of the diffraction pattern over the maximum possible q range was an essential requirement. Two different area detectors, the mar345 Image Plate ͑mar345͒ 24 and the GE Revolution™ 41-rt ͑41-rt͒, 25 were used in these experiments.
C. X-ray detectors
While the mar345 allowed accumulation of reasonable counting statistics with exposure times of the order of sec- 
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X-ray diffraction of levitated samples Rev. Sci. Instrum. 76, 073901 ͑2005͒ onds, its combined readout and erasure time of about 3 min limited its maximum frame rate. Moreover, unless the detector is properly isolated from the BESL, the mechanical readout and erasure processes transmit considerable vibration to the positioning electrodes of the levitator, leading to sample instability and occasional sample drop. The GE 41-rt detector, developed for fast medical imaging applications, provides a fully electronic readout up to a maximum data acquisition rate of 40 frames/ s. Its field of view, spatial resolution, and maximum frame rate are functions of selectable operating parameters. The pixel pitch of the 41-rt ͑200 m͒ is larger than the nominal minimum pixel size of the mar345 ͑100 m͒. The ability to acquire data at high frame rates makes the 41-rt detector an excellent choice for the study of rapidly transforming phases during a continuous heating or cooling cycle over the entire accessible temperature range, from room temperature up to and above the liquidus temperature. With rapid data acquisition, the experiment can be completed within a few minutes, compared to days or weeks for conventional melt-quench experiments. For both detectors, images form a series of diffraction rings-the Debye cones intercepted by the detector plane. 26 The sample-detector distance, required for converting the ring positions to q values, is determined by measuring the diffraction patterns from polycrystalline Si and Al 2 O 3 standards ͑National Institute of Standards and Technology SRM 640c and SRM 676, respectively͒ and fitting the distance using the calibrant function of FIT2D. 27 Most of the calibration runs use standards, contained in glass capillaries, which are centered at the sample position using the built-in optical alignment tools; in a few cases a levitated polycrystalline Si sample is used. Diffraction feature intensities from the sample images are then extracted using the same software. The q resolution of this technique is dominated by the projection onto the plane of the detector of the sample volume illuminated by x rays, which is of the order of 1 mm in the present case. The intrinsic spatial resolution of either detector is substantially less than this and thus adds only a small contribution to q resolution.
III. CAPABILITIES
Having described the basic features and operation of the BESL apparatus, we now turn to several illustrations of the utility of this technique in investigations of short-range order in liquids and the determination of phase stabilities. We conclude this section with a brief discussion of the importance of correlating structural data with simultaneous measurements of thermo-physical properties.
A. Short-range order in liquids
Although of fundamental and practical interest, reliable structural data are not available for most of high temperature alloy liquids; the accuracy of data published for some high melting temperature elements is even questionable. 23 As discussed in Sec. I, this is primarily due to the technical difficulties associated with measurements performed in the presence of a container and, so, the BESL technique is ideally suited for such measurements. The first liquid structure factor S͑q͒ measurements of elemental Ni and Ti 23 and TiZr-Ni alloy 22 liquids with the BESL technique have been reported earlier. In Fig. 3 , we show the structure factor, S͑q͒, measured by BESL, for a ternary Ti-Fe-Si alloy liquid in the metastable undercooled state, 100 K below its equilibrium melting temperature. The contributions of air and the Be windows to the scattered intensity were determined from scattering measurements from an empty sample chamber. The background scattering was measured, both at the beginning and end of the experiment for this moderate vapor pressure material, to ensure that vapor coating of the windows did not affect the background scattering significantly. Considering that the measurements were done on bulk samples using high energy x rays, the absorption and scattering contributions by such thin film deposits were insignificant. Atomic absorption, multiple scattering, and inelastic ͑Comp-ton͒ scattering were accounted for using standard techniques. 28 The data in Fig. 3 were collected at a constant temperature after cooling the sample from approximately 200 K above the melting temperature. A 10 s exposure time for the mar345 detector was more than adequate to obtain structural information from the metastable liquid, which had a lifetime of several tens of seconds at this temperature. Because of the relatively long readout and erasure times for the image plate, however, it was not suitable for continuous data acquisition during heating/cooling of the sample. Higher time resolution was achieved by using the GE 41-rt detector, as will be demonstrated in the next section.
B. BESL for phase diagram studies
To construct the phase diagram of an alloy system, a thorough knowledge of the stable and metastable phases that form as a function of temperature and composition is required. In conventional methods, alloys of different compositions are prepared, annealed at various temperatures for various lengths of time, quenched to room temperature to, hopefully, preserve the high temperatures phases, and studied by x-ray diffraction and electron microscopy techniques. This is a very time consuming and labor intensive process. More recently, the phase evolution with temperature has been monitored by in situ diffraction experiments on con-FIG. 3. The total structure factor for a Ti 68 Fe 26 Si 6 alloy liquid in the metastable state at 100 K below its melting temperature.
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Gangopadhyay et al. Rev . Sci. Instrum. 76, 073901 ͑2005͒ tained samples. 29 In both cases, however, reactivity with the container poses serious challenges, as discussed earlier.
BESL can be used to carry out these studies routinely in a fast and reliable manner and in a contamination-free environment.
For illustration, we present the phase transformation sequence in a Ti-Fe-Si-O alloy as it cools rapidly from temperatures above the liquidus temperature ͑1788 K͒ down to room temperature. The solidus temperature for this alloy ͑1333 K͒ was determined from the melting plateau during heating, and the liquidus temperature ͑1788 K͒ was determined from the disappearance of crystalline peaks in the x-ray diffraction pattern during ramp and soak heating cycles. After the sample was heated to about 200 K above the liquidus temperature and equilibrated long enough ͑ജ10 s͒ to ensure complete melting, the heating laser was turned off, allowing the levitated sample to cool by radiation alone. This radiative cooling curve for the Ti-Fe-Si-O alloy is shown in Fig. 4 . Two sharp temperature rises are due to the latent heat released during the growth of solid phases from the undercooled liquid ͑recalescence͒. The onset of recalescence signals the nucleation of the solid phases.
To identify the structure of the nucleating solid phases, in situ x-ray diffraction data were collected using the GE 41-rt detector at a rate of 1 frame/ s during continuous cooling, as shown in Fig. 5 . Data were also collected at 10 and 30 frames/ s for this alloy, which exhibit no additional features beyond those seen in Fig. 5 . A comparison of the 1 and 10 frames/ s data for one temperature in the solid state is shown in Fig. 6 for illustration. While the signal-to-noise ratio of these two data sets is comparable, it is clearly much poorer for the 30 frames/ s data due to the lower counting statistics. Some peak shape distortions were also observed in the 30 frames/ s data, which require further clarification. Nevertheless, the diffraction peaks were found to be distinct enough for phase identification studies.
Several interesting features are clearly visible in the diffraction patterns between 1.5 and 6 Å −1 , indicating changes in the structure during cooling. The initial solidification product is identified as hexagonal ͑a = 3.015 Å , c = 4.87 Å͒, similar to the oxygen stabilized ␣-Ti phase, which coexists with the remainder of the liquid. The second recalescence at 1460 K corresponds to the nucleation and growth of a bcc phase ͑a = 13.19Å͒. However, we also see that the ␣-Ti and a liquid phase still remain after the second recalescence. On further cooling, the bcc phase grows at the expense of the ␣-Ti and the liquid, until the entire sample has solidified to the bcc phase below approximately 1300 K. This clearly shows that the bcc phase forms by a peritectic reaction between the ␣-Ti and the liquid for this alloy composition. Interestingly, the as-cast alloy contained only the bcc phase and a small amount of TiFe. The ␣-Ti phase is, therefore, stable only at the highest temperatures just below the liquidus, in coexistence with the liquid.
Most importantly, considering the high temperatures and reactivity of this alloy, it has proven extremely difficult to identify the intermediate solid ͑␣-Ti͒ and the formation mechanism of the bcc phase by conventional quenching experiments. We also point out that the BESL experiment required approximately 40 s to complete, compared to many days of conventional annealing and quenching experiments, which are necessary to obtain similar information. 
C. BESL and thermo-physical property measurements
Since BESL is an extension of ESL, all of the thermophysical properties that can be measured in ESL can also be measured in BESL simultaneously during diffraction experiments. From the free radiation cooling curves ͑e.g., Fig. 4͒ , a number of thermodynamic properties of the sample can be determined. The cooling rate ͑dT / dt͒ for a sample of mass m, and specific heat C p l is related to the radiation loss at temperature T by the Stefan-Boltzmann law
where r is the radius, t is the total hemispherical emissivity, and T s is the surrounding temperature and is the StefanBoltzmann constant. Given t , C p l can be easily calculated from experimental measurements of dT / dt. 7 The enthalpy of transformation ͑H f ͒ can be determined from the temperature jump at the recalescence ͑⌬T͒ and C p l ͑H f = C p l ⌬T͒; if the recalescence shows a plateau, the additional heat released can be estimated by including the radiation loss at the plateau temperature. The solidus and liquidus temperatures can be determined, as illustrated earlier ͑III B͒. Digital processing of the sample images 30, 31 allows the volume and density of the nearly spherical samples to be determined, using the known sample mass. Oscillations in the liquid samples, induced by modulating the dc levitation electric field, can be used to determine the viscosity by measuring the decay rate of the oscillation amplitude after the excitation is removed. 9, 10 The resonance frequency of oscillation can be used to determine the liquid vapor surface tension. 9, 10 All of these data can be collected from the same sample in BESL, either simultaneously during diffraction experiments ͑typi-cally, the oscillation experiments take about 100 ms͒ or during subsequent thermal cycles. This additional ability makes BESL an extremely powerful as well as versatile technique for fundamental studies of liquid structures, correlations between structure and physical properties, phase transformations in liquid and solid phases, and phase stability determinations for a wide variety of materials over a large temperature range in a contamination-free environment.
